). Murine H3.3 is coded by two genes; H3f3a on chromosome 1 and H3f3b on chromosome 17, that despite variable mRNA sequences encode identical proteins (Krimer et al. 1993 ).
H3.3 containing nucleosomes, especially when associated with the histone H2A variant H2A.Z, may be promoting a less stable chromatin structure favorable to an active transcription state Felsenfeld 2007, Jin et al. 2009 ). Accordingly, genome-wide localization studies have mapped H2A.Z and H3.3 at promoter regions and transcription start sites (TSS) and H3.3 density positively correlates with active transcription. However, H3.3 was also found associated with repressed genes and heterochromatic sites such as pericentric sites, telomeres and retroviral elements (Bargaje et al., 2012; Drané et al., 2010; Elsässer et al., 2015; Goldberg et al., 2010; Kraushaar et al., 2013) . The differential deposition may reflect distinct targeting chaperone complexes. While the histone chaperone HIRA/ Ubinuclein (UBN1) targets H3.3 localization to TSS, the Death domain associated protein (DAXX) together with its chromatin remodeling partner Alpha Thalassemia/mental Retardation syndrome XLinked (ATRX) are responsible for H3.3 deposition at pericentric heterochromatin and telomeres (Drané et al. 2010 , Goldberg et al. 2010 , Szenker et al. 2011 , Daniel Ricketts et al. 2015 .
Due to its presence at promoters and its higher enrichment at TSS and gene bodies of highly expressed genes (Goldberg et al. 2010 ), H3.3 has been strongly associated with a role in active transcription. It would thus be expected that transcription levels be highly impacted in the absence of H3.3. Intriguingly however, studies in the developing embryo showed that H3.3 depletion appears to have limited effect on gene transcription, while instead it seems to play and important role in the maintenance of genomic integrity (Bush et al. 2013 , Jang et al. 2015 . There is an increase in mitotic D r a f t 4 defects and consequent aneuploidy as well as DNA damage in H3.3B knock-out mouse embryonic fibroblasts (MEF) (Bush et al. 2013 ) and H3.3 depleted embryonic stem cells (ESCs) (Banaszynski et al. 2013 ), indicative of chromosome structure dysfunction.
Heterochromatin at telomeric, centromere, and pericentromeric repeat sequences
presented a more open structure in the absence of H3.3 indicating a role for H3.3 in chromatin compaction (Jang et al. 2015) .
Using a conditional gene-targeting strategy, we knocked out the histone H3f3b gene in MEFs and then using short hairpin RNAs against H3.3A mRNA in these cells, we derived cell lines that were essentially completely depleted of H3.3 expression.
Deep RNA sequencing identified a set of nearly 800 genes that were mildly either up-or down-regulated in H3.3 depleted fibroblasts. Our results indicate that the loss of H3.3 has minimal impact on H2A.Z localization at the TSS and overall transcriptional rates.
Importantly, H3.3 knockout cells display serious defects in mitotic progression including chromatin bridges in anaphase and misaligned chromosomes in metaphase and limits cell proliferation.
Materials and methods

Mouse strains
The FH-H3.3Bb mutant mouse line was established at the Phenomin-iCS (Phenomin - at ethical committee C2EA-12).
Cell culture
Mouse embryonic fibroblasts (MEFs) were derived from E13.5 embryos. Heads and internal organs were removed and the torso was minced into chunks of tissue. Cells were cultured in DMEM high glucose, sodium pyruvate, Glutamax (Gibco) with 10%
FBS and penicillin/streptomycin in a humidified incubator at 37°C and a 5% CO 2 atmosphere. Cells were maintained in culture using the 3T3 protocol (Xu 2005).
H3f3b
fl/fl MEFs were infected with adenovirus expressing Cre recombinase (Ad-CMViCre, Vector Biolabs, Philadelphia, PA) to disrupt the endogenous H3f3b allele. Virus was diluted in serum-free DMEM at a multiplicity of infection of 500. Infection medium was replaced with fresh complete medium the next day and cells were analyzed for knock-out efficiency after 3 days.
Virus production and infections
293T cells were cotransfected with pLP1, pLP2, pLP3 and pLKO.1-shRNA vectors at a ratio of 1:0.5:0.6:2 respectively using Lipofectamine 2000 reagent (Invitrogen 
RNA-seq
After isolation of total cellular RNA from subconfluent MEFs using TRIzol reagent, libraries of template molecules suitable for strand specific high throughput DNA sequencing were created using "TruSeq Stranded Total RNA with Ribo-Zero Gold Prep
Kit" (# RS-122-2301, Illumina). Briefly, starting with 300 ng of total RNA, the cytoplasmic and mitochondrial ribosomal RNA (rRNA) were removed using biotinylated, targetspecific oligos combined with Ribo-Zero rRNA removal beads. Following purification, the RNA was fragmented into small pieces using divalent cations under elevated temperature. The cleaved RNA fragments were copied into first strand cDNA using reverse transcriptase and random primers, followed by second strand cDNA synthesis using DNA Polymerase I and RNase H. The double stranded cDNA fragments were blunted using T4 DNA polymerase, Klenow DNA polymerase and T4 PNK. A single 'A'
nucleotide was added to the 3' ends of the blunt DNA fragments using a Klenow fragment (3' to 5' exo minus) enzyme. The cDNA fragments were ligated to double stranded adapters using T4 DNA Ligase. ) and the bowtie aligner (Langmead et al. 2009 ).
Quantification of gene expression was performed using HTSeq (Anders et al. 2015) and gene annotations from Ensembl release 67. Read counts have been normalized across libraries with the statistical method proposed by Anders and Huber (Anders et al. 2010) and implemented in the DESeq Bioconductor library. Resulting p-values were adjusted for multiple testing by using the Benjamini and Hochberg method (Hochberg and Benjamin 1990 ).
The RNA-seq datasets (raw data as well as processed expression datasets) obtained in
MEFs have been deposited in the Gene Expression Omnibus (GEO) under the accession number GSE84308.
Repeat analysis
Repeat analyses of RNA-seq datasets were performed as follows. Reads were aligned to repetitive elements in two passes. In the first pass, reads were aligned to the non- table in UCSC database for mouse genome mm9) and reads overlapping a repeat sequence were annotated with the repeat family. In the second pass, reads not mapped or multimapped to the mouse genome in the previous pass were aligned to RepBase v18.07 (Jurka et al. 2005) repeat sequences for rodent. Reads mapped to a unique repeat family were annotated with their corresponding family name. Finally, we summed up the read counts per repeat family of the two annotation steps. Data were normalized based upon library size. Difference of repeat read counts between samples was expressed as the log 2 -ratio (shH3.3A / shControl). The statistical significance of the difference between samples was assessed using the Bioconductor package DESeq. Processed datasets were restricted to repeat families with more than 100 mapped reads per RNA sample to avoid over-or underestimating fold enrichments due to low sequence representation.
Chromatin immunoprecipitation
ChIP experiments were performed from 15 cm dishes of subconfluent MEFs. 
Immunofluorescent staining
Cells were fixed in formalin solution (Sigma-Aldrich) for 15min at 37 o C, permeabilized with 0.2% Triton-X and incubated with lamin-B antibody (Santa-Cruz sc-6217) diluted 1/300 in 10% goat serum-PBS. Anti-goat IgG coupled with Cyanine 3 (Jackson 705-165-147) was used as secondary antibody. DNA was stained with the Hoechst 33342 (Invitrogen H3570) intercalating dye. All microscopy was performed on fixed cells with a Zeiss Axio Imager Z1 microscope with a Plan-Apochromat x63 objective. Z-stacks images were acquired with a Zeiss Axiocam camera piloted with the Zeiss Axiovision 4.8.10 software. All image treatment was performed using Fiji (ImageJ2-rc14) (Schindelin et al. 2012 (Schindelin et al. , 2015 .
FACS analysis
Cells were trypsinized and fixed in cold 70% ethanol overnight. After wash with PBS, (SINE) interspersed nuclear elements) or tandem repeats (including major satellites, telomeres and microsatellites), which account for more than 40% of the mouse genome ( Figure 2C ). Functional clustering of differentially expressed genes indicated significant downregulation of genes implicated in lipid and sterol processing while factors involved in cell adhesion and motility were upregulated ( Figure 2D ). There was also dysregulation in the expression of genes involved in cell cycle progression ( Figure 2E ).
We compared our gene expression profile to that of the H3.3 null embryos in a p53-null background (Jang et al. 2015) and to H3.3B KO/H3.3A Kd ESCs (Banaszynski et al. 2013 ). Even though all three studies indicate very little impact on global transcription, an overlap between the datasets was essentially non-existent and limited to 9 genes in comparison to H3.3 depleted embryos and 6 genes in comparison to H3.3 depleted ESCs ( Figure 2F ).
H2A.Z variant dynamics are not affected at differentially expressed genes in H3.3 depleted cells
We then selected 6 genes that were either up-or down-regulated in H3.3B-KO compared to H3.3B KO / H3.3A Kd fibroblasts and validated their gene expression levels by RT-qPCR analysis ( Figure 3A) . While the change in gene expression was about 50% for the selected genes (as seen in the RNA-seq analysis), with the exception of Gadd45a which was upregulated nearly 7 times, most other genes (Pdgfb, Edn1)
showed a change in expression of 2-3 fold. To determine the extent to which H3.3 is present at the transcription start sites (TSS) of these 6 candidate genes, we isolated chromatin from FH-H3.3B MEFs and performed native chromatin immunoprecipitation (ChIP) experiments using an antibody against the HA tag. ChIP on isolated mononucleosomes indicated that H3.3 was highly enriched relative to input DNA at all of the selected candidate TSS regions ( Figure 3B ). Mononucleosomes from wild-type mouse fibroblasts, used as a control for ChIP to rule out non-specific interaction with the antibody, showed essentially no enrichment at the TSS. Thus, while the presence of 
H3.3 depletion results in defective mitotic progression
Following the shRNA mediated depletion of H3. (Jang et al. 2015) . In this study, we extend our analysis to mouse embryonic fibroblasts and intriguingly observe very similar results to the study by Jang et al.-i.e. little to no effect on global transcription. Using a novel transgenic 'conditional knock-in/ knockout' mouse model for H3.3B, we generated mouse fibroblasts that yielded H3.3B In conclusion, we depleted H3.3 expression in mouse embryonic fibroblasts combining genetic and shRNA strategies. This near complete depletion of H3.3 from mammalian fibroblasts affected transcription at a handful of genes, while global transcription rates were altered only about 2-fold with no effect seen at all on expression of retroviral repeat elements. Instead, we showed that H3.3 plays an important role in faithful completion of the cellular mitotic program and maintaining genomic integrity. 
